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Abstract  
In modern era, the Six Sigma tools and techniques have been implemented in various manufacturing sectors, which 
strive to ameliorate continuous improvement in achieving less variation, cost and high quality of end products. This case study 
narrowly focuses on reduction/elimination of two imperative responses in spray painting process producing shock absorbers, 
namely peel off and blisters using the Six Sigma Define-Measure-Analyze-Improve-Control (DMAIC) approach that highly 
impacts quality at customer end. The define phase rolls out the tools such as Pareto chart, voice of business (VOB) and project 
charter which identifies pretreatment in the spray painting process as the critical stage. The measure phase reveals the continuous 
assessment of spray painting process, with intense brainstorming sessions the imperative responses were culminated as peel-off 
and blisters. In analyzing phase, the vital root causes that impact the responses were identified as cleaning temperature, phosphate 
temperature and phosphate pH (power of Hydrogen) by using cause and effect diagram and Likert scaling. The improve phase 
concentrates on optimizing the vital root causes which impact the responses by using Taguchi robust design approach. The L27 
orthogonal array (OA) had been constructed with three factors and levels,results of experimentation had been analyzed by using 
Analysis of Variance (ANOVA) and multivariate regression which identifies the condition of optimality on peel off and blisters 
in the pretreatment process. In control phase, the confirmation run with optimality conditions were conducted, the results 
obtained from runs are satisfied which embarks the sigma level from 3.31 to 4.5. The continuous pursue on eliminating variation 
in the processing stage was attained by framing a control plan to control the variation within acceptable levels in the pretreatment 
process. 
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1. Introduction 
Customers are the life blood of any business, the organization should relentlessly look for new ways to 
consistently uphold the expectation of customers by accentuating on quality, manufacturing cost that leads to 
competitive enhancement and increase in market share. This case study focuses on a leading shock absorber 
manufacturing company experiencing a gap in customer perception due to the high rejection rate in the painted 
damper outer tubes of shock absorbers that results in abasement of quality in the manufactured product. To overhaul 
this woe, project charter team espouses a statistical breakthrough tool called Six Sigma to analyze the variations in 
the processing stages for reducing the defect less than 3.4 defects per million opportunities (DPMO). [1] Proposed 
“Six Sigma is a measure of variation about the average in the manufacturing process or the service industry”. The 
empirical woe in the aforementioned concern can be vanished completely in a hierarchical manner by using DMAIC 
phases, which improve the efficiency and effectiveness of the existing business process. [2] Portrayed that by using 
DMAIC procedure, the variance, waste and errors that beset an operation can be ingrained. [3] Brought the DMAIC 
approach to analyze the manufacturing lines of a brake lever at a Connecticut automotive component manufacturing 
company. [4] Proposed that integration of Six Sigma with Statistical quality systems results in effective proceeding 
to identify the most relevant improvement areas. The optimality can be attained in the improvement area by using 
the Taguchi robust design which deploys traditional method of conducting the experiments using an OA and 
ANOVA with a new class of statistics called signal to noise ratio (S/N ratio). The inceptive stride of this paper 
involves literature survey on Six Sigma and Taguchi robust design approach in manufacturing industries continue 
with the experimental work on  manufacturing process using the DMAIC phases followed by conclusions and future 
scope of work. 
 
2. Literature review 
2.1. Six Sigma 
Six Sigma is a formal and highly disciplined methodology for reducing process variation to ensure 
customer satisfaction, cost reduction and profitability of the organization. [5] States that the fundamental plan 
behind the Six Sigma philosophy is to monitor the process continuously and aims at elimination/reduction of defects 
or failures from the manufacturing processes. [6] States that defect can be defined as any deviation in the 
performance of the critical to quality (CTQ) characteristics. The Six Sigma’s unique approach to continuous process 
and quality improvement is DMAIC methodology [7]. [8] Claims that prominent key success factors to Six Sigma is 
the step by step approach or road map using DMAIC methodology. In this case study, the statistical tool called 
Taguchi robust design was used for analysis of various critical process parameters. [9] Deployed Six Sigma along 
with Taguchi robust design to analyze various painting process parameters that affect the quality characteristics, 
after intensified implementation the optimized process parameters were achieved that result in reduced defect rate.  
 
2.2. Taguchi robust design 
Taguchi robust design was developed by Genichi Taguchi in the year 1980 is a statistical approach widely 
utilized to optimize the quality characteristics of manufacturing goods by studying variations [16]. [10] Proved that 
Taguchi's experimental design is a simple and systematic way of analyzing a complex process with less 
experimental trials. [11] Applied the Taguchi method to find the optimum process parameters for end milling. [12] 
Affirms that Taguchi robust design is found compatible for determining the optimal setting of controllable factor 
and levels for a single response problem on thickness of solder. By learning and applying this artistry of Taguchi 
robust design, researchers can significantly reduce the time required for experimental exploration. The results 
obtained from Taguchi robust design was analyzed by using ANOVA table to find the significant factors for 
responses. In Taguchi robust design, optimization of multi responses can be done by using two vital tools, namely 
(1) S/N ratio and (2) OA [13].  
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3. DMAIC Methodology 
3.1. Define phase 
The define phase, narrowly illustrate the case that had been taken in a shock absorber manufacturing 
concern which faces a hailstorm from customer end due to increase in rejection rate. The project charter team is 
deployed to identify the imperative woes. The project charter is an influential element of initializing, planning, 
executing, controlling and surviving the study. The purpose of the project charter is to instigate a Six Sigma project 
by defining its scope and project variables [14]. The charter team in shock absorber concern encompasses of 
production manager, quality member, experienced paint line operators and the research scholars as revealed in Table 
1. 
 
 Table 1. Project charter. 
 
Project title: Defects reduction in painted outer tubes. 
Business Case: 
Occurrence of defects results in excess reworks that impacts increased expenses of concern. 
Problem statement: 
Emergence of peel off and blister defects in painted outer tubes of dampers. 
Project Goal:  
To reduce/eliminate the defects by applying Six Sigma DMAIC approach in the shock absorber manufacturing industry. 
Voice of customer Product’s quality, high rejection rate  
Project boundary Focusing on the painting process of the shock absorber.  
Team member Production manager, Quality member, experienced paint line operators and research scholar. 
Expected Financial Benefits A considerable cost saving due to the defects reduction. 
Expected Customer Benefits Enhance customer satisfaction and perception 
 
The prolong analysis and discussions were carried out with charter team members to shoot out the 
empirical problem which impacts the rejection rate. The Pareto analysis shown in Fig. 1 illustrates the list of defects 
occurring in the concern, which clearly reveals that peel off and blisters are the two vital defects that contribute 
nearly 81% of the total rejection rate in shock absorber manufacturing concern. The successive phases concentrate 
on identifying the major root causes that decline the rejection rate and embarks the quality level. 
 
 
Fig.1. Pareto chart for various paint line defects. 
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3.2. Measure Phase 
In measure phase the robustness of processing stage against unnecessary variations, which occurs due to 
uncontrollable factors are measured by using the process capability analysis. The preceding phase clearly reveals 
that peel off and blisters are the two empirical woes or responses which impact the value of the product, are critical 
to quality (CTQ) in processing stages. The project charter team conducted a brain storming session and culminate 
that the criticalness lie on pre-treatment process in the painting operation which contributes more to peel-off and 
blisters in the painted outer tubes of the shock absorber concern. [15] Recommends that prior to the improvement of 
the processing stages, process capability should be used for completely measure to define the direction for 
improvement. The assessment and capability of the pre-treatment process were evaluated using process capability 
analysis, which was done by using the statistical software package Minitab16. 
The Fig. 2 illustrates that the current process looks very lean since the sigma level stands at 3.31, which 
dissatisfies nearly 4410 value added operation during the process lifecycle. The analysis recommends that high 
accentuation is required to embody the pre-treatment processing stage for enhancing the customer morale and the 
quality of the product with euphoric monetary savings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Process capability analysis.  
 
3.3. Analysis phase 
 
The measure phase transparently displayed that the performance level of the current process is 
unsatisfactory which need to be enhanced. The root cause that impacts peel off and blisters should be identified and 
analyzed, so that process improvement can be done in respective areas. The cause and effect diagram in Fig. 3 was 
wielded to identify various factors that contribute the formation of peel off and blisters.  
 
The cause and effect diagram in Fig. 3 reveals significant and insignificant causes, the criticality among 
various factors are obtained by performing Likert scale analysis. In Likert scale, the questionnaire was surveyed 
among 50 persons that include paint line operators, quality assurance team members, internal and external 
customers, they were asked to rate on each cause that influence paint line defects based on their severity namely 1- 
not at all influential, 2- slightly influential, 3- somewhat influential, 4- very influential and 5- extremely influential. 
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The average rating for causes had been calculated from the feedback by summing up the total weight obtained in 
each and every cause divided by the number of persons. The result obtained from Likert scale analysis is graphically 
illustrated in Fig. 4.  
  
 
 
Fig.3. Cause and effect diagram. 
 
 
Fig.4. Likert scale. 
From the Fig. 4, it was concluded that the most influential causes which impact the peel off and blister 
defect are cleaning temperature, phosphate pH and phosphate temperature.  
 
3.4. Improve phase 
 
 This phase concentrates on improving and optimizing the cleaning temperature, phosphating pH and 
phosphating temperature that impacts the peel-off and blister defects. The condition of optimization is achievable by 
conducting an experiment; by constructing an OA whose results are analyze using ANOVA. The investigation 
carried out by project charter team reveals the levels of the aforementioned influential causes. After the fierce 
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discussion, the levels are revealed as low setting which indicates level-1, the actual setting as level-2 and high 
setting of factors at level-3. The table 2 illustrates the factors and levels as follow, 
 
            Table 2. Factors and its level. 
 
The Table 2 clearly illustrate there are three factors and levels that leverages to construct either L9 with 
multiple replication (or) L27 OA, where 9 and 27 represent the number of trials and L represents the level of the 
trials. Based on the recommendation from management representatives, the L27 OA has been constructed as 
revealed in Table 3. The results obtained are analyzed using ANOVA. 
 
       Table 3. Taguchi experimental L27 orthogonal array. 
 
 
3.4.1. ANOVA 
ANOVA is a statistical tool to identify the level of significance among the main effect and interaction 
factors which impact the multiple responses, which was introduced by sir Ronald fisher in 1930 [16]. 
 
3.4.2. Analysis of peel - off and blister defects 
The ANOVA with three factors and levels for peel off and blisters have been given in Table 4 and Table 5. 
The Table 4 transparently reveals that cleaning temperature highly influence the peel-off in the paint line followed 
by the phosphating pH and temperature. The level of impacts for input factors are made by calculating tabulated 
value with 95% confidence manifested that all the three factors are influencing the peel-off. 
                
 
Factor Units Level-1 Level-2 Level-3 
A Cleaning temperature º C 50 60 70 
B Phosphating pH - 2.5 3.5 4.5 
C Phosphating temperature º C 50 60 70 
A B C Peel - off defects Blisters defects S/N ratio peel - off S/N ratio blisters 
 
50 2.5 50 24 22 -27.6042 -26.8485 
50 2.5 60 21 18 -26.4444 -25.1055 
50 2.5 70 22 21 -26.8485 -26.4444 
50 3.5 50 20 19 -26.0206 -25.5751 
50 3.5 60 18 16 -25.1055 -24.0824 
50 3.5 70 20 18 -26.0206 -25.1055 
50 4.5 50 21 20 -26.4444 -26.0206 
50 4.5 60 20 18 -26.0206 -25.1055 
50 4.5 70 21 19 -26.4444 -25.5751 
60 2.5 50 18 16 -25.1055 -24.0824 
60 2.5 60 15 13 -23.5218 -22.2789 
60 2.5 70 17 15 -24.609 -23.5218 
60 3.5 50 14 12 -22.9226 -21.5836 
60 3.5 60 10 9 -20.0245 -19.0849 
60 3.5 70 11 11 -20.8279 -20.8279 
60 4.5 50 14 13 -22.9226 -22.2789 
60 4.5 60 11 10 -20.8279 -20.0124 
60 4.5 70 13 12 -22.2789 -21.5836 
70 2.5 50 15 14 -23.5218 -22.9226 
70 2.5 60 12 9 -21.5836 -19.0849 
70 2.5 70 13 11 -22.2789 -20.8279 
70 3.5 50 10 8 -20.0245 -18.0618 
70 3.5 60 6 5 -15.563 -13.9794 
70 3.5 70 8 7 -18.0618 -16.902 
70 4.5 50 11 9 -20.8279 -19.0849 
70 4.5 60 8 7 -18.0618 -16.902 
70 4.5 70 9 8 -19.0849 -18.0618 
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 Table 4. ANOVA for peel-off defect. 
       
                                      Source                                DF   Seq SS    Adj SS     Adj MS          F           Tab F      Impactness      
  
                                     Cleaning temperature         2     188.51     188.51      94.2544      117.65       3.49        Significant 
                                     Phosphating PH                  2       42.42       42.42      21.2094      26.47         3.49        Significant 
                                     Phosphating temperature   2       18.49        18.49        9.2441      11.54         3.49        Significant 
                                     Residual Error                   20      16.02        16.02       0.8011 
 
                                     Total                                  26     265.44 
 
The Fig. 5.(a), (b) and Fig. 6.(a), (b) reveals the response table for peel-off and blister. The Fig. 5.(a) 
reveals that cleaning temperature increases as the magnitude of S/N gets increased. The S/N for phosphating pH gets 
increased initially and decreases gradually in later stages, similarly for phosphating temperature. From response 
diagram of peel off, the optimal factors and levels based on higher magnitude of the S/N ratio is achievable by 
setting up cleaning temperature at 70 ºC, phosphating pH at 3.5 and phosphating temperature at 60 ºC. The Fig. 5.(b) 
illustrates the residual plot, that clearly revels there exists linearity among the actual and fitted values. This improves 
the determination coefficient R2 by 83.6% for peel-off. 
 
   
    
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. (a) Response diagram for peel-off;  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 (b) Residual plot for peel-off.                      
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The Table 5 transparently reveals that cleaning temperature highly influence the blisters defects in the paint 
line followed by the phosphating pH and temperature. Hence it is evident that all the three control factors are 
influencing the blisters defect in the shock absorber.  
 
                          Table 5. ANOVA for blister defects. 
           
                           Source                                DF      Seq SS        Adj SS      Adj MS          F           Tab F        Impactness 
     
                          Cleaning temperature          2        494.000     494.000     247.000      555.75       3.49         significant 
                          Phosphating PH                   2          66.889       66.889       33.444       75.25        3.49         significant 
                          Phosphating temperature    2           44.222       44.222       22.111       49.75        3.49         significant 
                          Residual Error                    20            8.889         8.889         0.444   
   
                          Total                                   26       614.000 
  
 The Fig.6 illustrates the response table for blisters if cleaning temperature increases the magnitude of 
S/N gradually increases. The S/N for phosphating gets increased initially and decreases gradually in later stages, 
similarly for phosphating temperature. From the response diagram the best condition to control blisters are chosen 
by setting up cleaning temperature at 70ºC, phosphating pH at 3.5 and phosphating temperature at 60ºC in the paint 
line process. The Fig.6 illustrates that R2 of blisters stands at 84.1% in paint line. From the Fig.5.(a) and 6, we 
culminate that peel off and blister responses can be optimized effectively by setting up cleaning temperature at 70oC, 
phosphating pH at 3.5 and phosphating temperature at 60oC.  
 
 
 
Fig.6. Response diagram for blisters;  
 
 
3.5. Control phase  
The Improve phase ends up by revealing the optimum factors and levels for peel off and blisters in the 
shock absorber concern. A trial run was conducted by taking the optimal sample size of 50 units and setting up 
cleaning temperature at 70ᵒC, phosphating pH at 3.5 and phosphating temperature at 60ᵒC for optimizing the 
multiple responses. The Fig.7 clearly illustrates that by performing experimental runs at optimal factors and levels 
the sigma level gets enhanced from 3.3 to 4.5. These clearly illustrate that optimal factors and levels chosen are 
proven to be effective. The enhanced sigma level gives an impetus performance in a pre-treatment processing stage 
which has to be continuously pursued to achieve the goal of 3.4 DPMO. The control plan with standard operating 
procedure had been prepared for the pre-treatment process to eliminate the peel-off and blister henceforth in shock 
absorber. 
1763 K. Srinivasan et al. /  Procedia Engineering  97 ( 2014 )  1755 – 1764 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7. Process capability analysis. 
4. Conclusion 
 This paper concentrates on deploying Six Sigma DMAIC methodology with Taguchi robust design 
approach, to find out the root causes that eliminates the variations and embarks the customer satisfaction, quality 
and market share of the shock absorber manufacturing concern. The various phases of these papers identify peel off 
and blisters were the twofold responses that impact the quality in the pre-treatment process. To obtain the condition 
of optimality an L27 orthogonal array was constructed by taking three vital factors, namely Phosphate pH, Cleaning 
Temp and Phosphate temp at 3 levels, the experimental run was carried out with 27 various treatment combinations 
to monitor peel off and blister defects. The results obtained are analyzed using mini tab software version 16 that 
maps out ANOVA and S/N ratio of the various experimental runs gives a path for generating response table and 
diagram. From the response table and diagram the optimum level for each factor is determined as cleaning 
temperature at 70oC, phosphating pH at 3.5 and phosphating temperature at 60oC. The trial run was conducted with 
aforementioned setting, by taking the sample size of 50 to monitor the peel off and blister defects in the pre-
treatment process. The results obtained proved to be worthy that enhances sigma level from 3.31 to 4.5. These 
enhanced sigma levels lead to high quality and less variations. The future work lies in improving the sigma level to 
reach 3.4 DPMO by continuously improving on the optimal parametric combination that eliminate the peel off and 
blisters defect and embodies the pre treatment stage by generating the process control plan in shock absorber 
manufacturing concern. 
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